Innate, inflammation-based immunity is the first line of vertebrate defence against micro-organisms. Inflammation relies on a number of cellular and molecular effectors that can strike invading pathogens very shortly after the encounter between inflammatory cells and the intruder, but in a nonspecific way. Owing to this non-specific response, inflammation can generate substantial costs for the host if the inflammatory response, and the associated oxygen-based damage, get out of control. This imposes strong selection pressure that acts to optimize two key features of the inflammatory response: the timing of activation and resolution (the process of downregulation of the response). In this paper, we review the benefits and costs of inflammation-driven immunity. Our aim is to emphasize the importance of resolution of inflammation as a way of maintaining homeostasis against oxidative stress and to prevent the 'horror autotoxicus' of chronic inflammation. Nevertheless, host immune regulation also opens the way to pathogens to subvert host defences. Therefore, quantifying inflammatory costs requires assessing (i) short-term negative effects, (ii) delayed inflammationdriven diseases, and (iii) parasitic strategies to subvert inflammation.
INTRODUCTION
Immune defences may be seen as one of the most sophisticated products of interspecific interactions. They are the result of frequent and long 'arms races' between hosts and parasites. As a result, hosts have evolved complex strategies to avoid the negative effects of parasites, and parasites have evolved many adaptive responses to counteract and evade the hosts' defences. Recognizing pathogenic organisms and clearing infection is the primary function of immunity (Medzhitov & Janeway 1997 ). This self-defence ability exists in unicellular organisms (that can produce microbicidal molecules), and reaches a high complexity in vertebrates (that possess a wide array of effectors that operate to cope with pathogenic invaders; Armstrong & Quikley 1999; Bulet et al. 2004) .
Vertebrate immunity basically depends on two arms: innate and acquired immunity. The protective properties of innate immunity rely on constitutively produced receptors (pattern recognition receptors) that recognize distinct and conserved microbial molecular structures ( pathogen-associated molecular patterns, PAMPs), which are absent from the host: once bound, these receptors directly activate the host's immune cells. The outcome of this activation is the initiation of the innate inflammatory response (Janeway & Medzhitov 2002; Akira et al. 2006) . By contrast, acquired immunity is characterized by a vast repertoire of lymphocytes, bearing antigen-specific surface receptors that recognize specific antigenic configurations of pathogens and respond by triggering cellular (cytotoxic T-cells) and humoral (antibodies) effectors. In addition to specificity, acquired immunity differs from innate immunity in its ability to establish an immunological memory, which allows a more rapid and effective response upon re-exposure to the antigen (Cooper & Alder 2006) . The dichotomy between innate and acquired immunity, while useful for a classification purpose, does not mean that these two branches work independent of one another. Acquired immunity largely depends upon the cells of the innate immune response to drive their functional maturation (Bayne 2003) . In spite of the intimate connection between the innate and acquired immune responses and the major role played by the innate effectors in the process of parasite resistance, we still tend to focus on acquired immunity as the most important weapon against pathogens. This is evidenced by the biased representation of the acquired immune effector systems that have been studied in ecological immunity studies on vertebrates.
Inflammation is a non-specific process, elicited by trauma or infection, characterized by the delivery of fluids, molecules and cells from the blood into damaged or infected tissues, whose function is to fend off infectious agents. Although inflammation is commonly considered a vertebrate phenomenon, an inflammatory-like status has also been reported in invertebrates (Libert et al. 2006) where cells releasing toxic products and chemical signals are involved. The systemic effects of the vertebrate inflammatory response include fever and an increased number of leucocytes recruited for defence (Sell 2001) . Several leucocyte families, e.g. granulocytes, monocytes (the precursors of macrophages) and lymphocytes, migrate to the focal area of the infected tissue and secrete metabolites, which have potent microbicidal properties that act through phagocytosis and exocytosis (Sell 2001) . Upon encounter with an intruder, inflammatory cells produce peptides that play a key role in cellular communication. These peptides, called cytokines, can further activate and recruit other phagocytic cells, as well as drive their microbicidal activity. Phagocytes can kill engulfed pathogens mostly through the action of endogenously produced compounds with cytotoxic effects, such as enzymes, lytic peptides, as well as highly reactive oxygen and nitrogen species (ROS and RNS; Fang 2004; Swindle & Metcalfe 2007) . In addition, and besides their cytotoxicity, at a low dose, ROS and especially nitric oxide (NO) also play a regulatory role as modulators of cellular communication and apoptosis (Matsuzawa et al. 2005; Swindle & Metcalfe 2007) .
The effectors of inflammation endow organisms with efficient weapons to cope with the pervasiveness of infectious agents. The most compelling support to this view is the high sensitivity to infection, and the reduced survival prospect, of organisms showing deficiencies in the inflammatory process (Fang 2004) . However, immune systems are not infallible, and the inflammatory response should be viewed as a double-edged sword that protects, but has the potential to harm, the host. Host tissue may be damaged when immune defences are misdirected, or overexpressed, leading to immunopathology. Although the distinction between immunopathologies and their origin is still debated (McGonagle & McDermott 2006) , there is little doubt that chronic inflammation produces collateral undesirable effects on the host. In addition, it has been suggested that the cost of infection is more due to an over-reacting inflammatory response than a direct effect of the pathogen (Råberg et al. 1998; Mackintosh et al. 2004; Graham et al. 2005; Halliwell 2006 for reviews). To protect their tissues from inflammatory injury, hosts have evolved a regulatory network based on a class of cytokines (such as interleukin-10 or transforming growth factor-b) that control the resolution of inflammation once the pathogen has been cleared (Belkaid 2007) .
Although the study of the molecular and cellular mechanisms of inflammation-based resistance is of prime importance from a biomedical perspective, understanding the selective forces and the constraints shaping the evolution of the diversity of host defences and parasite strategies to exploit the host requires an evolutionary approach. The aim of this paper is to provide a discussion of the evolutionary ecology of parasite-mediated inflammation. We will first briefly review the mechanisms, which are at the basis of the inflammatory response, with a special focus on the production of ROS and RNS. Then, we will discuss the selective forces and constraints that are likely to act on inflammation: the benefits of early and effective protection against intruders and the inevitable costs of non-specificity. Because parasite exposure and host response vary with ontogeny, we will address the question of age-related costs and benefits of inflammation. Finally, we will see that the pathogens can modify and manipulate host inflammation for their own survival and spread. This adds considerable complexity to the understanding of the evolutionary ecology of parasite-mediated inflammation.
THE ROLE OF ROS AND RNS IN THE INFLAMMATORY PROCESS
Phagocytic cells, such as macrophages and neutrophils (heterophils in birds), are at the core of the innate inflammatory response. Activation of phagocytic cells induces the production of antimicrobial compounds that, once transferred into the phagosome, play a primordial role in killing phagocytized pathogens.
ROS and RNS are probably the most important micromolecules that intervene during the inflammation-based control of invading pathogens. The most prominent feature of ROS and RNS is their generic cytotoxicity. These chemically reactive molecules cannot discriminate between the structure of host molecules, cells and tissues and infectious agents. This is in stark contrast to the fine-tuned capacity of the cells and molecules of the acquired immune system, which can recognize specific epitopes and surgically target the defence response. In §2a, we will first briefly describe the molecular nature of ROS and RNS, and their production and will then see how these reactive molecules achieve the goal of pathogen killing.
(a) ROS and RNS Upon stimulation by a PAMP, neutrophils and macrophages respond by a marked increase in oxygen (O 2 ) uptake. This increase in O 2 consumption characterizes the so-called respiratory burst and is the consequence of the activation of an enzymatic system (NADPH oxidase or phox) that oxidizes NADPH into NADP C plus superoxide anion (O $K 2 ) (Fang 2004 ). Superoxide, in addition to its own cytotoxic effect, participates in the generation of other, more unstable and damaging molecules, such as hydroxyl radicals (OH % ), hydrogen peroxide (H 2 O 2 ) and hypochlorous acid (HOCl). The half-life capacity to permeate cell membranes and the cytotoxicity vary greatly across different ROS. For instance, OH % has a half-life of a few nanoseconds whereas chloramines are stable for hours (Swindle & Metcalfe 2007) .
RNS are the second class of micromolecules secreted by phagocytic cells during the inflammatory response. Nitric oxide (NO % ) is the principal RNS produced by neutrophils and macrophages. NO % is generated enzymatically in a two-step reaction from L-arginine substrate (Fang 2004 ). This reaction is catalysed by a family of enzymes, the NO synthases (NOS). The inducible NOS (iNOS) is responsible for the burst in NO production following an inflammatory insult. Nitric oxide has a cytotoxic effect but it can also react with ROS to produce even more powerful oxidants, such as peroxynitrite (ONOO K ) or dinitrogen trioxide (N 2 O 3 ) (Halliwell 2006 Imlay & Linn (1986) showed that hydrogen peroxide (H 2 O 2 ) can kill Escherichia coli in a dose-dependent manner, where low concentration mostly oxidized DNA, whereas higher concentration simultaneously oxidized several biomolecules. Nitric oxide can inhibit bacterial respiration and DNA replication (Fang 2004) . Moreover, when in the presence of ROS, the NO-derived oxidative damage is greatly enhanced.
It should be noted, however, that for both ROS and RNS, the effectiveness of their antimicrobial activity also depends on the local redox environment. Reactive species can be scavenged by several detoxification systems (enzymatic and non-enzymatic). In most cases, therefore, the microbicidal effectiveness of the response is affected by the amount of ROS/RNS released and the availability of microbial antioxidant defences.
The second line of evidence on the importance of ROS and RNS as effective inflammatory effectors comes from studies that have either taken advantage of spontaneous mutations affecting the genes controlling the expression of phox, either using knockout mouse strains lacking phox or iNOS.
Chronic granulomatous disease (CGD) is a human pathology that occurs as a consequence of mutations in subunits of NADPH oxidase. Patients affected by CGD cannot produce superoxide anions (O $K 2 ) during the respiratory burst. The disease substantially reduces lifespan and is associated with persistent infection with a number of pathogenic micro-organisms, such as Staphylococcus aureus, Pseudomonas and Salmonella (Sell 2001) .
Inducible NO synthase is the major enzymatic pathway responsible for the production of nitric oxide. Although there is no known human deficiency in the expression of iNOS, polymorphisms in the iNOS promoter region have been reported in several studies (Levesque et al. 1999; Kun et al. 2001) . In most cases, increased iNOS expression is correlated with increased resistance to a number of different pathogens, including Plasmodium (Anstey et al. 1996; Hobbs et al. 2002) . Similarly, human macrophages that express iNOS at high levels in vitro are better able to kill Leishmania and Mycobacterium parasites (Bogdan et al. 2000) .
Studies on animal models have provided the best ultimate evidence for the importance of ROS and RNS in parasite resistance. Using knockouts lacking phox (gp91phox
) and control wildtype mice infected with Salmonella typhimurium, Mastroeni et al. (2000) showed that the course of the infection was greatly affected by the absence of superoxide and NO (figure 1). Interestingly, inhibiting the NADPH synthase pathway (ROS production) or the iNOS pathway (NO production) resulted in a quite different pattern of infection-induced mortality, with phox K/K individuals already showing massive mortality at 3-4 days post-infection, whereas suppression of the iNOS pathway produced substantial mortality only approximately two weeks post-infection.
Interestingly, the functional role of NO against invading parasites is not restricted to intracellular micro-organisms. Brugia malayi is an extracellular nematode that is responsible for lymphatic filariasis in humans. Rodents can also be infected with filarial parasites, which allow experimental tests of the effectors of immunity against such parasites. Using elegant experiments, Rajan et al. (1996) showed that iNOS is an important mediator of resistance to On the contrary, KO mice that do not express phox (NADPH-based respiratory burst, light grey circles) or iNOS (NO production, dark grey circles) die during the course of the study. Interestingly, mortality was much more rapid in the phox K/K group (100% mortality at day 5 post-infection) than in the iNOS K/K group (100% mortality at day 19 post-infection). This suggests that respiratory burst precedes the NO response during the acute inflammatory response (adapted from Mastroeni et al. 2000) .
B. malayi. Mice were infected with B. malayi larvae and then were either injected with aminoguanidine (AG, an inhibitor of iNOS) or left untreated. A larger number of adult worms were yielded from AG-treated mice compared with controls, whatever the initial number of larvae inoculated. In a second complementary experiment, susceptible mice (SCID mice) were infected with Brugia larvae and then either injected with DEA/NO (a compound that releases NO) or left as control. In agreement with the results of the first experiment, the number of adult worms yielded from DEA/NO mice was much smaller compared with control, susceptible mice (Rajan et al. 1996) .
(c) How does natural selection operate on the effectors of the inflammatory response? This brief survey shows that early inflammatory response is important for host resistance towards a range of parasitic organisms, since individuals lacking the ability to produce ROS and RNS are more susceptible to infection and suffer from an increased infection-induced mortality. At a first glance, one might be tempted to believe that natural selection operates on the effectors of inflammation to exhibit the highest toxicity. However, we should keep in mind the crucial feature of the innate inflammatory response: non-specificity. ROS and RNS do not discriminate between host and pathogen DNA, proteins or lipids. As such, ROS and RNS can be quite costly for the host. Therefore, one might wonder how natural selection has shaped the effectors of the inflammatory response as to maximize the protective effect while minimizing the risk of collateral damage. There are at least two solutions to this problem. The first is rapidity. The effectors of inflammation are usually activated within minutes (another major difference from adaptive immunity which needs days/weeks to be fully deployed). It appears that the chronological suite of events that are triggered by an immune insult is organized so as to progress from the most to the less costly response. Even within the inflammatory response, there is a chronological sequence suggesting that the more toxic ROS produced during the respiratory burst precedes the activation of the iNOS pathway and its milder NO delivery (Vazquez-Torres & Fang 2001) . Costly inflammatory response is therefore rapidly activated but it should also be rapidly switched off to avoid the 'horror autotoxicus' of chronic inflammation (figure 2). Macrophages secrete a number of anti-inflammatory molecules, such as interleukin-10 (IL-10) and transforming growth factor b (TGF-b), which contribute to the resolution (the process of downregulation) of the inflammatory response. Once again, the dichotomy between the innate inflammatory response (antigen non-specific) and the acquired immune response (antigen specific) emphasizes the intrinsically costly nature of inflammation. This is because, at least in principle, antigen-specific immunity can be free of cost, in terms of autoimmunity, if T-lymphocytes with receptors that bind to autoantigens are negatively selected in the thymus or suppressed in peripheral organs. The non-specific nature of inflammatory effectors means, by definition, that the response generates costs whose magnitude depends on the intensity and duration of the response. In §3, we will review in more detail the costs of acute and especially chronic inflammation and how this has led to the evolution of regulatory mechanisms.
INFLAMMATORY DISEASES AND OXIDATIVE STRESS (a) Direct and indirect costs
There is now a large body of evidence showing that pathogen-induced inflammation is associated with an increase in ROS and RNS production. A number of correlative studies have reported associations between local or systemic infections and oxidative damage. For instance, humans infected with HIV suffer from an increased amount of serum hydroperoxides and malondialdehyde (the products of lipid peroxidation) and reduced availability of antioxidants (both enzymatic and non-enzymatic) (Pace & Leaf 1995) . Septic shock, probably one of the most severe consequences of the inflammatory response (Annane et al. 2005 ) is accompanied by a substantial production of NO and peroxynitrite (Titheradge 1999; Sebbane et al. 2006) . Experimental work has also shown that activation of the inflammatory response depletes antioxidants and exposes the host to increased risk of oxidative stress. Zebra finches (Taeniopygia guttata), whose innate immune response was activated by lipopolysaccharide (LPS) injection, showed a decrease in antioxidant status 24 hour post-injection compared with a control group (figure 3; Bertrand et al. 2006) . Although one might wonder about the relevance of such an effect in terms of fitness, previous work has shown that a decrease in antioxidant status significantly predicts short-term survival prospects (Alonso-Alvarez et al. 2006). These results, therefore, suggest that the activation of the inflammatory response by PAMPs can incur fitness-relevant costs.
The most compelling evidence that inflammatory response may alter host homeostasis comes from in vivo and in vitro experimental studies which controlled antioxidant availability, and/or ROS and RNS production through pharmacological treatments or using genetically modified organisms. For instance, experimental infection of mice with the retrovirus ts1 (a murine leukaemia virus) caused spongiform encephalopathy, thymus atrophy and other severe neuropathologies leading to death. In vitro experiments showed that the redox-sensitive transcription factor (Nrf2) was activated in cultured ts1-infected astrocytes. This factor upregulates the synthesis of glutathione (an antioxidant compound; Qiang et al. 2004) . The astrocytes surviving to the infection were those producing the highest antioxidant defences, suggesting that ROS and RNS scavenging are crucial for cell survival and control of immunopathology . In addition, treatment of astrocytes with an antioxidant (a refined monosodium a-luminol) reduced ROS accumulation and suppressed Nrf2 activation ( Jiang et al. 2006) . In short, this work shows that the degree of infection-induced immunopathology depends on the activation of antioxidant compounds that scavenge ROS and RNS produced during the inflammatory response.
Blocking ROS or RNS production by means of specific inhibitors, or by the use of genetically modified organisms, has provided further evidence for the link between oxidative stress and inflammation. Humans infected with the Sin Nombre virus, the causative agent of cardiopulmonary syndrome, show an elevated expression of iNOS in the lungs, especially in areas with more severe pathology. Patients with the most severe symptoms were those with higher plasma NO-derived molecules NO x . A murine model of the disease (mice infected with lymphocyte choriomeningitis virus) showed, within a few days post-infection, identical pulmonary and cardiac symptoms associated with both elevated iNOS in the lungs and NO x in plasma. The periodic injection of a specific iNOS inhibitor in infected mice suppressed the cardiac symptoms and strongly improved short-term survival without changing virus titres (figure 4), suggesting that oxidative damage may outweigh the direct negative effects of viral replication (Davis et al. 2002) .
(b) Immediate and delayed costs Inflammation incurs costs. Assessing such costs is essential if we want to appraise the outcome of selective forces operating on the inflammatory response. Having a complete picture, however, requires considering not only the immediate, short-term, costs of inflammation but also those expressed once the infection has been cleared. Chronic inflammation may lead to delayed negative outcomes. Probably the most important delayed disabling consequence of chronic inflammation is cancer. There is now a large body of evidence showing that many cancers are associated with pathogens, and epidemiologic studies attribute to 15-20% of worldwide malignancies to infection (Coussens & Werb 2002) . A wide array of pathogens may contribute to cancer occurrence through the inflammatory response of the host, and particularly the release of ROS and RNS (Ames et al. 1995) . Under chronic inflammation, cells damaged by cytotoxic products are permanently replaced, but sustained ROS and RNS production can result in genomic alteration (De Marzo et al. 2008) . Cultured mouse macrophages continuously exposed to interferon-g (an effector of the inflammatory response) show a Review. Inflammation and oxidative stress G. Sorci & B. Faivre 75 much higher mutation rate compared with control cells after 14 and 23 days of exposure, and this effect was drastically reduced by the addition of a NOS inhibitor (Zhuang et al. 1998) . Epidemiological and experimental findings support the view that other disabling diseases, such as age-related macular degeneration (Hollyfield et al. 2008) , may be seen as the delayed outcomes of infection and oxidative damage. Interestingly, epidemiological and demographic studies have also suggested that exposure to inflammatory insults early in life (during infancy) may contribute to age-related diseases (Finch & Crimmins 2004; Crimmins & Finch 2006) . One might thus tentatively speculate that the reduction in early life infection risks in wealthy countries (with the associated reduction in inflammation) has contributed to the spectacular extension in longevity experienced by humans in the last decades.
Overall, the evidence of delayed occurrence of the disabling consequences of inflammation underlines that time is a crucial dimension that should be considered when weighing the benefits and costs associated with this component of the immune response. Importantly, these delayed effects also make the evolutionary analyses more complex because the time elapsed between the initiation of inflammatory damage and the occurrence of detectable costs may allow organisms to achieve crucial fitness-related functions, such as reproduction. This also underlines that many immunopathologies, and particularly those with an inflammatory determinism, are age related. This point leads us to address the link between inflammation and an important life-history trait: ageing.
(c) Inflammation, oxidative stress and ageing From both a proximate and ultimate point of view, inflammation plays a central role in the ageing process, especially owing to the link between inflammation and oxidative stress. At the proximate level, the free-radical theory of ageing argues that ageing is the cumulative result of oxidative damage to cells and tissues that arises as a result of aerobic metabolism and the effect of external factors (Harman 1956; Finkel & Holbrook 2000) . It provides a plausible, and currently accepted, global mechanism to explain ageing (Sarkar & Fisher 2006) . At the ultimate level, antagonistic pleiotropy postulates that genes with late deleterious effects can be maintained and selected for, owing to their beneficial effects in early life (Williams 1957) . Innate immune genes might fall within this category: inflammation might be essential for parasite resistance in early life but exert costs later on.
The importance of inflammation during ageing arises through two non-exclusive pathways. First, there is an increasing incidence of inflammatory diseases with age, at least in humans and animal models, and some of the most common age-related diseases have an inflammatory component triggered by past infections (Licastro et al. 2005; Sarkar & Fisher 2006) . Second, ageing is characterized by a low grade, chronic and systemic pro-inflammatory status (the upregulation of inflammatory effectors) resulting from the imbalance between pro-and anti-inflammatory cytokines (Giunta 2006) . This upregulation of inflammation with age seems evolutionarily conserved because a pro-inflammatory status has also been observed in aged fruitflies (Drosophila melanogaster; Pletcher et al. 2007 ). The age-related upregulation of inflammation has crucial implications in terms of survival prospects since pro-inflammatory cytokines are reliable predictors of mortality risk in the elderly (van den Biggelaar et al. 2004) .
The crucial questions arising from these results are: 'Why are the elderly more prone to exhibit a proinflammatory status?' and, 'Is this the product of selective forces acting on the inflammatory response across an individual lifespan?' The recent increase in longevity seen in some human societies can help provide an answer. Humans have probably experienced relatively constant longevities (approx. 40-50 years) for thousands of years. Selection is, therefore, thought to Black bars refer to control, untreated control mice; grey bars refer to control, saline-injected control mice; white bars refer to mice injected with 1400 W (an iNOS inhibitor). Whereas the survival of control mice dramatically drops after day 6 post-infection (approx. 60%), 1400 W-treated mice still have a 90% survival. (b) These differences in survival prospects are not due to viral titres, since they are similar in the three groups. These results, therefore, suggest that survival improvement of 1400 W-treated mice is due to the suppression of an immunopathological response (adapted from Davis et al. 2002) .
have optimized immune function with respect to expected longevity. The spectacular increase of longevity in a few generations has considerably extended the length of action of the immune system. This leads to the possibility of accrued oxidative damage that accumulates over an individual lifespan (Licastro et al. 2005 ). This idea is in line with the disposable soma theory (Kirkwood 1977) , which predicts that it does not pay to invest in repair mechanisms that would function well beyond the expected longevity, under the prevailing extrinsic mortality regime. An alternative explanation for age-related dysfunction of the inflammatory response may reside in the antagonistic pleiotropic effect of inflammation (Williams 1957) . Age-related inflammatory disease, with its shift towards chronic inflammation, might be the price paid for an immune system that provides effective protection in early life. This also suggests that the trade-off shaping the optimal inflammatory response is not (at least not only) based on resource allocation, but might involve early good/bad protection versus late mild/severe dysfunction. Here again, time is a crucial component of the trade-off, since the fitness relevance of inflammationinduced damage depends not only on its magnitude but also on the timing of the onset of the damage. Natural selection is probably almost blind to inflammatory diseases that arise during post-reproductive life.
Parasites, of course, play a crucial role in the evolution of optimal defences across age. For instance, the long-lived Caenorhabditis elegans mutant daf-2 with upregulated immune defence, benefits from an increased longevity when kept with bacterial pathogens: the higher the pathogenicity the higher the lifespan increase relative to wild-type worms (Garsin et al. 2003) . Interestingly, an interaction between infection risk and the costs/benefits of inflammation has been suggested also for humans. Certain alleles of genes coding for antiinflammatory cytokines (IL-10) are over-represented in Italian centenarians, suggesting that downregulated inflammation has a positive effect on lifespan (Lio et al. 2002) . However, this is likely to be the case only for people who have escaped early exposure to infectious diseases ). In the current context of reduced antigenic exposure witnessed in western society, it is tempting to predict that genotypes associated with a weak inflammatory response will express a phenotype of extended longevity.
Overall, the available evidence emphasizes the importance of inflammation as a first line of defence, not only to preserve individual integrity in a pathogenic environment, but also its price through oxidative stress and its subsequent disabling effects. A fine tuning of inflammatory response to limit its cost is necessary over two time scales: in the short term, to quickly downregulate the effectors of the acute phase and induce the resolution of the inflammatory response; in the long term, during an individual's lifespan, to avoid delayed costs of an essential component of early protection.
(d) Immune regulation
Regulation of the inflammatory process relies on both cellular and molecular effectors. Anti-inflammatory cytokines are secreted by a number of immune cells, the most important being macrophages and a population of CD4 C lymphocytes called regulatory T-cells (T reg ; Belkaid 2007) . The vital function of immune regulation is clearly illustrated by the major fitness costs, in terms of immunopathology, paid by individuals who lack regulation (Kim et al. 2007) .
To reduce oxidative damage without compromising protection, resolution of inflammation has to be fine graded and properly timed (Raes et al. 2007 ). This means that resolution must occur promptly after the acute phase of inflammation to limit damage, but not so early as to prevent parasite clearance. This idea is nicely illustrated by the following example. Mice infected with a 'non-lethal' strain of Plasmodium yoelii exhibit a peak in TGF-b production at 10-15 days post-infection, once the parasite has been cleared; conversely, mice infected with a 'lethal' strain exhibit TGF-b peak at 2-3 days post-infection. This early regulation of the inflammatory response induces the failure of parasite clearance and finally results in 100 per cent host mortality. Experimental neutralization of early production of anti-inflammatory cytokines after infection with the lethal strain largely restores clearance rate and mouse survival (Omer et al. 2003) . Therefore, at its own level, immune regulation may be seen as a double-edged sword: a timely and graded regulation is beneficial by reducing the cost of inflammation, while a too early or a too late resolution leads either to failure in parasite clearance or to oxidative damage.
On top of this, to fully capture the selective forces shaping the evolution of inflammation, it is crucial to consider the strategies that parasites adopt to evade this first physiological barrier. It is clear that although regulation has a vital importance for the host, it may also offer a window for parasites to control hosts' defences (Bergstrom & Antia 2006) .
INFLAMMATION IMPOSES STRONG SELECTION PRESSURES ON PATHOGENS AS TO ESCAPE IT
Living organisms respond to the environment they experience by evolving traits that improve their fitness in that specific environment. As prey is selected to run faster to escape a predator, parasites are selected to escape the immune response. This goal is achieved by different strategies that depend on the nature of the threat. When the immune response is based on the recognition of a specific peptidic signature, parasites can evade the immune response by changing the shape of the signature. This is a relatively widespread strategy used by a number of micro-organisms (e.g. Finlay & McFadden 2006) . One option that the immune system has to counteract this parasitic strategy is to rely on highly conserved structures that cannot be easily modified by the pathogen without paying a major cost. This is what happens with the so-called PAMPs, such as bacterial LPS and peptidoglycan that trigger the inflammatory response. The non-specific nature of the effectors of inflammation poses an additional problem for the pathogen in finding a way to escape the host's immune response. As already mentioned, ROS and RNS do not differentiate between host and pathogen structures. Antigenic shift, molecular mimicry or any other mechanism that aims at escaping (i) Avoid recognition PAMPs are conserved micro-organism structures used by the host as stimuli to initiate innate immune responses. Bacteria express several PAMPs, including cell wall components such as LPS. Although LPS has a conserved structure across gram-negative bacteria, changes in the acylation and phosphorylation pattern result in variable levels of immune activation. For instance, Helicobacter pylori expresses a LPS with a weaker inflammatory potential (approx. 100-fold weaker) than Salmonella LPS (Rhen et al. 2000) . Similarly, mutant Salmonella with lipid A molecule lacking a single fatty acyl chain induce a weaker response both in terms of pro-inflammatory cytokines and iNOS expression (Khan et al. 1998) . Antigenic variation is a common strategy used by many pathogens to escape antigen-specific recognition by the adaptive immune response. The functional importance of PAMPs for pathogens certainly constrains the possibility of evasion from the innate immune response by mutating these molecular patterns.
(ii) Interfere with cellular communication Upon infection, activated immune cells produce and release a number of proteins whose function is to 'transfer information' between cells. These proteins, called cytokines, can instruct other immune cells about the current 'danger' faced by the organism. Cytokines are essential molecules for the recruitment, proliferation, activation and downregulation of inflammatory cells. As such, parasites can effectively manipulate the strength of the immune response by interfering with cytokine secretion. In particular, intracellular as well as extracellular metazoan parasites can hijack antiinflammatory cytokines produced by the host, such as IL-10 or TGF-b, to dampen the host immune response (Redpath et al. 2001; Maizels et al. 2004 ). In addition, some parasites express an IL-10 homologue that interferes with the normal functioning of the immune system (Redpath et al. 2001 ).
(iii) Avoid phagocytosis Bacteria use secretion systems to transfer bacterial protein either in the extracellular environment or directly within target cells. The translocation of bacterial mediators can disrupt the cell cytoskeleton and therefore prevent engulfment. Yersinia parasites, responsible for various infectious diseases, such as plague and enterocolitis, encode and deliver three different effector proteins (YopO, YopT and YopE) that interfere with macrophage uptake (Navarro et al. 2005) .
(iv) Interfere with normal vacuolar activity Some intracellular bacteria such as Listeria, Mycobacterium or Shigella, once phagocytized, can disrupt the phagosome membrane and escape into the cytoplasm where they can multiply (Hornef et al. 2002) .
Salmonella rely on a type III protein secretion system, called Salmonella pathogenicity island 2 (SPI2), to survive within infected macrophages. Products of the SPI2 gene have been shown to interfere with the trafficking of oxidase-containing vesicles towards the phagosome . Pathogenic Salmonella can, therefore, achieve survival within macrophages by excluding NADPH oxidase from the phagosome. Mycobacteria adopt a strategy of phagosomal arrest. Instead of maturing and fusing with vacuoles containing microbicidal compounds, phagosomes with living Mycobacteria maintain a non-toxic environment that favours the survival and the persistence of the pathogen (Young et al. 2002) .
(v) Disrupt ROS and RNS production Infection by H. pylori results in strong gastric inflammation. This response is triggered and exacerbated by some bacterial proteins that enhance recruitment of inflammatory cells in the gastric mucosa. Whereas on the one hand, this might be beneficial to the parasite (see below for an explanation of this paradox), the pathogen also needs to defend itself from the inflammatory attack. Among other strategies, Helicobacter produces an arginase that, by converting L-arginine to urea and L-ornithine, reduces the availability of the substrate required for NO production (Gobert et al. 2001 ). This strategy is effective in resisting killing since arginase-defective bacteria are more susceptible to NO-induced mortality, whereas exposure to macrophages of iNOS K/K mice does not affect the survival of arginase-defective Helicobacter (Gobert et al. 2001) .
(vi) Resist phagocytic digestion Highly ROS and RNS can be detoxified and scavenged by a number of enzymatic as well as non-enzymatic mechanisms. The importance of antioxidants has recently been emphasized in the context of improvement of age-associated degenerative diseases in humans. However, it is interesting to note that, although not as diversified as in vertebrates, microorganisms also rely on a battery of enzymes and other compounds to resist phagocytic ROS and RNS.
Several studies have emphasized the importance of antioxidant enzymes, such as superoxide dismutase (SOD), catalase and alkyl hydroperoxide reductase, for pathogen resistance to phagocytic-based oxidation. Bacterial Cu-Zn-SOD is found at the periplasmic level, which indirectly suggests a role for the scavenging of extracellular oxidants. Manipulation of the pathogen genome allows the establishment of the functional role of the genes of interest. Using a mutated S. typhimurium strain (sodC) deficient in Cu-Zn-SOD, De Groote et al. (1997) showed that the strain is very susceptible to superoxide and nitric oxide, and killing by macrophages.
Staphylococcus aureus is a major opportunistic pathogen responsible for many nosocomial infections. The bacterial genome encodes two proteins with antioxidant properties. Catalase (KatA) has a very specific scavenging effect on hydroperoxide, whereas alkyl hydroperoxide reductase (AhpC) has a less specific scavenging property, including the highly toxic peroxynitrite. Interestingly, the synthesis of the two antioxidants shows a compensatory behaviour, where the inhibition of AhpC leads to an overexpression of KatA and vice versa (Cosgrove et al. 2007) .
Carotenoids have become a very popular subject of research among evolutionary ecologists (Lozano 1994; von Schantz et al. 1999; Faivre et al. 2003) . Staphylococcus aureus takes its name from its golden pigmentation. The golden colour is due to the bacterial synthesis of carotenoids, called staphyxanthin. Recently, it has been suggested that this biosynthetic pathway might confer a selective advantage to the pathogen in the face of phagocytic attack. Using a mutagenesis approach, Liu et al. (2005) produced S. aureus with disrupted carotenoid synthesis. In agreement with the predictions, this mutated strain was less able to resist neutrophil oxidative bursts (figure 5), and was less pathogenic compared with a wild-type strain. Interestingly, the competitive advantage of the wild-type strain disappeared when the bacteria faced neutrophils lacking oxidative burst activity. These results, therefore, show that carotenoids confer a selective benefit during the process of ROS scavenging. Why do not all bacteria exhibit a golden coloration? This is intriguing, since expression of carotenoids in a non-pigmented species (Streptococcus pyogenes) produced the same results: better resistance to neutrophil oxidative burst and increased virulence. Therefore, it seems that as in higher vertebrates, S. aureus has evolved a diversified array of antioxidant tools, both enzymatic and nonenzymatic, to resist immune-mediated oxidative attack.
(vii) Repair oxidative damage Finally, pathogens can avoid inflammation-induced cost by adopting/performing repair strategies. Bacteria have DNA repair proteins that limit the mutagenic impact of peroxinitrite and other RNS. Salmonella typhimurium expresses two such proteins RecB and RecC (Nathan & Shiloh 2000) . RecBC-deficient Salmonella show poor survival in mice expressing normal respiratory burst activity. However, the survival of the RecBC-deficient strain improves in phox
hosts and is identical to the wild-type mice lacking both phox and iNOS (Shiloh et al. 1999) .
TRIGGERING INFLAMMATION: WHEN THE HOST RESPONSE FAVOURS THE PARASITE
As already emphasized above, the innate immune response is of vital importance for the vertebrate hosts. Paradoxically, parasites might take advantage of inflammation for their own survival. This is likely to happen through different mechanisms. Intracellular pathogens infecting macrophages might benefit from the ability of these cells to extravasate and spread from the site of the infection into the systemic circulation. In other words, these pathogens use macrophages as vehicles to circulate and spread within the organism. Salmonella have been shown to exploit macrophages in this way (VazquezTorres et al. 1999) . Ebola virus infects monocytes and macrophages, and stimulates the production of proinflammatory cytokines, such as TNF-a and interleukin-1b, as well as ROS and RNS. The activation of the pro-inflammatory pathway is thought to be of prime importance for the spread of the virus, since infected phagocytes move from the site of infection to lymph nodes (Zampieri et al. 2007 ). Pro-inflammatory cytokines attract and recruit even more macrophages which provide further susceptible hosts for viral replication and dissemination through the organism.
Shigella-infected macrophages do not live for long (1-2 hours). Following the death of the macrophage, released Shigella can expand the infection by entering other macrophages or surrounding enterocytes. Shigella infection of macrophages and epithelial cells induces a strong host-mediated inflammation characterized by the production of pro-inflammatory cytokines. This leads to further recruitment of neutrophils to the inflamed site. Neutrophil migration is favourable to the bacterium since neutrophils disrupt the junctions between epithelial cells, making access to these cells easier for the pathogen (Ogawa & Sasakawa 2006) . However, neutrophil migration and local recruitment can also limit the spread of the infection by exerting substantial mortality on the bacteria. There exists, therefore, a subtle equilibrium between inflammation-derived benefits for the parasites in terms of facilitated access to host cells, and costs in terms of mortality.
Triggering the inflammatory response can also be beneficial to the parasites in terms of nutrients released by the host. Helicobacter pylori lives in a particularly nutrient-poor environment (between the gastric epithelium and the mucous layer). Infection by Helicobacter is followed by the recruitment of inflammatory cells in the lamina propria of the gastric mucosa. This recruitment and activation is in part driven by two bacterial proteins (cag and neutrophilactivating protein). The recruitment and activation of inflammatory cells might make nutrients available for bacterial growth (Baldari et al. 2005) .
(a) Using inflammation as a weapon against competitors Establishing an infection often results in competition with other micro-organisms that live within the host. This is particularly true for intestinal bacteria, acquired through the oral-faecal route, that need to bypass the pre-existing biofilm of commensal bacteria covering the intestinal wall. A dense biofilm can effectively protect the host from colonization by pathogenic organisms and this form of resistance has been termed 'colonization resistance'. In some cases, perturbation of the commensal bacterial community can lead to enhanced risk of infection by pathogens. Recently, it has been suggested that parasites can achieve this goal by using the host inflammatory response as a weapon to overcome colonization resistance (Stecher et al. 2007; Brown et al. 2008) . In a series of elegant experiments, Stecher et al. (2007) compared the colonization potential of virulent (wild type) and avirulent (avir) Salmonella enterica Typhimurium. The capacity of the wild type to trigger inflammation conferred a selective advantage during competition with commensal bacteria that was lacking to the avir strain. To confirm this, infection with the avir strain proved successful if inflammation was experimentally triggered. These results provide firm evidence for the concept that host inflammation can be diverted by parasites and used as a weapon against pre-established competitors.
CONCLUSION
When we think of immune defences we usually have in mind the sophisticated and subtle capacity of T and B lymphocytes to recognize specific pathogen-derived peptides and build on a response with memory. Vertebrate ecological immunology has tackled the problem of the costs and benefits of immunity mostly from this perspective, leaving little room for the innate response (but see Råberg et al. 2002) . This has been a mistake for several important reasons. First, the activation of innate immune effectors is essential for deployment of adaptive immunity. Most importantly, all else being equal, early defences always confer a better selective advantage compared to late defences (but see Hamilton et al. 2008) . Innate inflammatory responses are usually expressed within minutes of the detection of the intruder. Selection pressures are, therefore, expected to act strongly on inflammation.
The two main features of the innate inflammatory response (fast and non-specific) open the way to potential devastating costs if inflammation gets out of control. Natural selection seems to have shaped an effective regulatory network that operates to resume inflammation once the danger signal has disappeared. In spite of this regulation, chronic inflammatory diseases are among the most widespread pathologies affecting human societies, in particular among elderly people. Is chronic inflammation the unavoidable price of effective innate protection? This is perhaps the case, especially for age-related inflammatory diseases. Benefits of protection in early life largely outweigh the cost paid during post-reproductive life. Genes that regulate the inflammatory response with antagonistic pleiotropic effects should therefore be selected for.
As for adaptive immunity, pathogens have evolved an amazing diversity of strategies to evade the inflammatory response. Similar to host resistance mechanisms, we should expect that parasite strategies that escape the immune response at earlier stages of the interaction should be favoured by selection. The first step during a host-parasite interaction is obviously recognition. Thus, strategies that avoid pathogen recognition by the host immune response should enjoy a selective advantage. In sharp contrast with this prediction, PAMPs are universally recognized by cell surface receptors. Although structural alteration of LPS is observed in some bacteria, this is a matter of amount of immune activation (some LPS are more immunogenic than others) but not of complete camouflage. Why is this so? This example illustrates how constraints limit the shape of possible adaptive landscapes. LPS and other PAMPs are molecules with vital function for bacteria. They can minimally change their structure but cannot live without them.
In addition to early evasion, selection should favour multiple escape tactics. Multiple strategies obviously limit the risk of failure and minimize the chance that hosts have evolved the appropriate counterattack. A few pathogens have, indeed, evolved a sequential array of defence mechanisms against inflammation and immunological oxidative stress starting from minimal activation to DNA repair. Evolutionary biologists have mastered the concept that hosts and parasites are involved in a never-ending arms race. Whereas constraints can set a limit to the possible outcome of the interactions, it is clear that we are far from a complete picture of the strategies of immune protection and immune escape. For instance, the recent finding that the pathogens can divert host inflammatory response as a weapon against commensal intestinal bacteria opens a new area of investigation on immunemediated parasite competition.
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